Pancoast or superior pulmonary sulcus tumours are a rare subset of non-small-cell lung carcinomas (NSCLCs) which occur with an incidence of less than 5% of all lung cancers. Today, induction chemoradiation followed by surgical resection has become the established standard treatment approach for patients with sulcus superior tumours in the absence of other contraindications. This review focusses on the historical change of the treatment strategy, the evolution of surgical and multimodality management of this disease and the most recent published clinical outcome data of patients suffering from superior pulmonary sulcus carcinoma. #
Introduction
It has been nearly 85 years since Dr Henry Pancoast, a radiologist, for the first time, in 1924, described the clinical and radiographic features of special lung tumours located in the superior sulcus, which later on were named after the author [1] . Pancoast tumours are a rare but a unique subset of non-smallcell lung carcinomas (NSCLCs), which occur with an incidence of less than 5% of all lung cancers. Their treatment is inherent with particular challenges because of their special anatomical location and their late detection. Although, for a considerable period of time, the majority of these tumours were thought to be inoperable [2] and only patients with earlier disease IIB (i.e., T3, N0) were operated. However, the development of special approaches and new techniques now allows for surgical resection of structures that were previously considered unresectable. Together with the impressive progress that has been made with multimodality treatment protocols in the recent years, this resulted in dramatic improvements of results. This review focusses on the historical change of the treatment strategy, the evolution of surgical and multimodality management of this disease and the most recent published clinical outcome data of patients suffering from sulcus superior tumours.
Clinical presentation and diagnosis
The full clinical picture of the Pancoast-Tobias syndrome consists of a constellation of characteristic symptoms, including pain down the arm, eventually with weakness and numbness along the distribution of C8/Th1-2, Horner's syndrome and radiographic evidence of destruction of the first thoracic rib or vertebral body [3] . In many reports however, any patients with a tumour in the typical location of the apex of the lung and infiltration of the first rib is included under the term Pancoast tumour, regardless of whether Horner's syndrome or pain radiating down the arm is present [4] [5] [6] [7] [8] [9] [10] [11] [12] .
On the other hand, the clinical diagnosis of a Pancoast tumour must not necessarily imply the presence of NSCLC. Patients suffering from other entities such as lymphoma, tuberculosis or primary chest wall tumours can present with an apical mass and chest wall involvement, which result in precisely the same clinical picture [2] .
NSCLCs of the superior sulcus belong to the most challenging thoracic malignant diseases to treat because of their frequent invasion not only of the first rib but also of other adjacent vital structures, including the brachial plexus, subclavian vessels and the spine [13] . Patients with Pancoast tumours differ from other patients with NSCLC in as far as the usual symptoms, such as cough, dyspnoea and haemoptysis, do occur less frequently [14] . Instead, the leading symptom in this entity is the aforementioned pain in the shoulder and the arm, and therefore, the correct diagnosis is often delayed, because the origin of the problem is frequently believed to be of orthopaedic or rheumatologic nature [14] .
Computed tomography usually leads to the correct diagnosis; however, it has a limited ability to determine the extent of invasion of the primary tumour into adjacent structures [15] . The latter is better performed with magnetic resonance imaging (MRI) [16] and magnetic resonance angiography (MRA) [17] , both of which are able to provide more detailed information about the involvement of neural and vascular structures.
A tissue diagnosis can be established by bronchoscopy, however, due to the peripheral location of Pancoast tumours; this is only effective in about 10-20% of cases [15] . Instead, computed tomography-guided biopsy is the most preferred method to obtain tissue for histology.
The further staging of patients does not differ very much from that of patients suffering from other forms of NSCLC.
The specific value of PET is not clearly defined in Pancoast tumours, but has been found to improve staging of lymph nodes [18] and detection of occult metastatic disease in patients with NSCLC [19] in general. Since positive mediastinal N2 lymph nodes do occur in approximately 20% of Pancoast tumour cases [20] , confirmation of the mediastinal lymph node status by mediastinoscopy and the endoscopic ultrasound-guided fine-needle aspiration [21, 22] should be performed on a routine basis.
A specific problem represents supraclavicular lymph nodes, which can be involved in these patients more frequently than in standard NSCLC cases [4] . However, there is ongoing discussion whether such positive supraclavicular nodes should be classified as N3 or still should be considered to belong to local lymph node areas, in view of the special location of the tumour.
Treatment

Historical development
The special growing features of Pancoast tumours explain why radiotherapy, surgery or a combination of both have ever been an integral part of treatment, with the aim to achieve the best possible local tumour control.
Evolutions in the management of Pancoast tumours during the last 85 years can be classified into four eras.
During the first era (1930s-1950s), the tumours became recognised as a special growing form of primary lung carcinomas, but were thought to be inoperable and incurable. Treatment with radiotherapy, mainly with a palliative intention, became the standard of care of these patients, but necessarily was without long-term success. In the second era (1950s-1980s), initial attempts with surgical resection mainly in combination with radiotherapy were performed. In 1956, Chardack and MacCallum [23] reported the first successful treatment of a superior sulcus tumour using surgical resection, followed by postoperative radiation. The treated patient was alive and disease free 5 years later. In 1956, Shaw reported a patient with typical Pancoast syndrome who initially underwent radiotherapy with a palliative intention, which resulted in resolution of pain and decrease in tumour size, and therefore was followed by a radical resection. Shaw [24] tested this treatment strategy further, and reported improved local control and longer-than-anticipated survival. As a result, induction radiotherapy (30 Gy over 2 weeks) and en-bloc resection through an extended posterolateral thoracotomy became a clear alternative to radiotherapy alone for the treatment of superior sulcus tumours.
However, surgical resection remained limited to tumours invading the ribs only, and any further involvement of vascular or neural structures was still considered to remain a contraindication for an operation.
This only changed in the third era (1980s-1990s) when novel surgical approaches for the resection of tumours involving the spine and subclavian vessels were introduced. Dartevelle et al. [25] were the first to develop an anterior transcervical approach for cancers infiltrating the subclavian vessels, and, later on, several other modifications of this technique were reported [26, 27] . However, overall survival at 5 years still remained about 30% and remarkable improvement in survival was not yet achieved. One of the reasons for this was based on the fact that more advanced cases were treated compared to earlier periods and that, besides systemic relapse, local recurrence still occurred in about 40% of patients [28] .
These results emphasised the need for new treatment strategies in order to improve both local as well as systemic controls. With this intention, in the fourth era (1990s to present), induction chemoradiotherapy followed by radical surgical resection was introduced as a new treatment standard for superior sulcus tumours, which resulted in impressively improved outcome [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] .
Radiotherapy as single-treatment modality
Results of radiotherapy as single-treatment modality for superior sulcus tumours are available from historic series [40, 41] and from otherwise inoperable patients only. Therefore it is impossible to compare them with results obtained with the combination of radiotherapy and surgery, or with multimodality induction therapy followed by radical resection. Usually the applied doses of radiation ranged between 45 and 70 Gy. Van Houtte et al. suggested a dose-response relationship with improved results for doses in excess of 50 Gy [42] . However, there exists no randomised controlled trial that compared high-dose and low-dose radiation treatment. High doses (50 Gy or more) usually resulted in high morbidity and mortality rates [43, 44] .
Usually, radiotherapy alone has been reported to result in satisfying pain relief; however, in most studies, long-term survival was not achieved. From a total of 18 reports about treatment of Pancoast tumours with radiotherapy alone, eight reported 0% 5-year survival and the remaining 10 studies reported a rate of 5-23% (mean 6.25%) [6, 11, 30, 37, 42, [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] .
Radiotherapy combined with surgery
In 1956, Chardack and MacCallum reported the first successful treatment of a Pancoast tumour, managed by enbloc resection and followed by postoperative radiation [23] . Since the 1960s, improved survival rates were reported with preoperative radiotherapy [57] [58] [59] and especially improved local control, reflected by marked radio-necrosis in the resected surgical specimens, was emphasised by some authors [60] .
In a total of 23 reports about combined radio-surgical treatment of Pancoast tumours, a mean 5-year survival rate of 36.5 AE 12.7% (mean AE SD) was described [4, 6, 8, 9, 11, 12, 30, 31, 47, 49, 51, 53, [55] [56] [57] [59] [60] [61] 46, [63] [64] [65] , which was much better than the results reported for radiation treatment alone. However, since no randomised trial comparing radiotherapy alone vs the combination of radiotherapy and surgical resection exists until now [30] , the available evidence that the chance of long-term survival is better with combined radiation therapy and operation than with high-dose radiotherapy alone [62] still remains conflicting.
With regard to the applied doses of preoperative radiotherapy, no standard exists as well. Attar and Miller initially have used preoperative doses of 40-60 Gy [42, 57] , but later lowered the dose to 30 Gy because of the remarkable postoperative morbidity and mortality observed. Fuller and Chambers [11] reported the feasibility of high doses (55-65 Gy) of preoperative irradiation, but were unable to demonstrate any survival advantage. On the other hand, lowdose preoperative radiation (30 Gy within 2 weeks) has been advocated by Paulson et al. and has resulted in a 5-year survival rate of 35% in 64 patients [61] .
In another recent report, Martinod et al. [12] reported that preoperative radiotherapy significantly improved the 5-year survival for stage IIB-IIIA, while postoperative radiotherapy and chemotherapy did not significantly alter survival.
Trimodality treatment: induction chemoradiotherapy followed by surgical resection
The changing paradigms in treatment of NSCLC since the late 1990s resulted in the introduction of induction chemoradiotherapy (induction CT/RT), followed by radical surgical resection in the treatment plan of superior sulcus tumours.
Improvements in completeness of resection ( Fig. 1) , and clinical as well as pathological response rates, were the immediate results of such a therapy, which were followed by clearly improved long-term (5-year) survival rates (Table 1, Fig. 2 ). However, it is a well-known phenomenon of induction chemotherapy (CT)/radiotherapy (RT) that the assessment of response is difficult. Complete pathological response can only be identified after surgical resection. For this reason, no prospective comparison between different treatment regimens can be performed.
The Essener group [36] operated on 31 patients (81% T3, 19% T4 tumours) with 29% with involvement of N2/3 lymph nodes, who were treated with an induction combination of three cycles of cisplatin (60 mg m À2 ) and etoposide 150 mg m À2 or paclitaxel 175 mg m À2 . This was followed by concurrent chemoradiotherapy (one course cisplatin 50 mg m À2 and etoposide 100 mg m À2 combined with 45 Gy hyperfractionated accelerated radiotherapy). This resulted in 69% showing a complete or near-to-complete response and surgical resection resulting in 100% completeness of resection, with a postoperative mortality of 6.4%. Actuarial survival for all patients at 5 years was 46% with significantly better results in responders and patients with N0-1 disease only.
The largest of the available multimodality studies was performed by the Southwestern Oncology Group (SWOG 9416 trial), which tested a less-aggressive induction regimen of concurrent CT/RT (two cycles of induction chemotherapy (cisplatin 50 mg m À2 with etoposide 50 mg m À2 ) together with 45 Gy of radiotherapy), which was followed by surgery and postoperative boost chemotherapy with two cycles of cisplatin-etoposide [35] . In this study, 110 patients were included, however, with a very conservative selection of N0/ 1 patients only. The authors reported that therapy was associated with acceptable morbidity and mortality. Complete or near-complete response was achieved in 61% and completeness of resection was 94%. Actuarial 5 years' survival for all patients was 44% and 54% after complete response. Questions about the study were raised that the large number of participating institutions might have negatively impacted overall results, because of a potentially considerable variability in the surgical part of the treatment.
A much more aggressive approach towards both patient selection and intensity of induction therapy was taken by the group of Krasna and colleagues [34] , who accepted even patients with N3 lymph nodes and solitary brain metastasis (14%) for a combination therapy of two cycles platinumbased chemotherapy concurrent with 45-Gy large-field radiotherapy (tumour and mediastinum) followed by 14.2-Gy small-field boost-radiotherapy. This study included 37 patients, and a completeness of resection was achieved in 97%. However, complete response was seen in 40% only and 5 years' actuarial survival of all patients was 50%, which still is remarkable, given the advanced stage of the patients. Interestingly, the occurrence or absence of recurrence in the brain did not have any influence on survival.
Interesting results also derive from the group of the Massachusetts General Hospital [31] , which compared induction CT/RT with radiotherapy only. Thirty-five patients, again with N0/1 disease only were treated and CT/RT was significantly superior to RT only in all parameters (complete or near-complete response rate, 35% vs 87%; completeness of resection, 80% vs 93%; 4 years' actuarial survival, 49% vs 84%; local recurrence, 30% vs 0%).
Based on these data, the modern treatment standard for sulcus superior tumours has become the combination of induction CT/RT followed by radical surgical resection. However, it is also obvious that there exists remarkable variability in the individual protocols for such a treatment. Choice of chemotherapeutic agents, the number of CTcycles, timely sequence of application, mode and intensity of RT, all these parameters are hardly standardised yet and vary according to the preferences of different groups.
To optimise the conditions for trimodality treatment, patients should also be referred to experienced centres with large numbers of lung surgery.
Special surgical aspects of treatment of superior sulcus tumours
Surgical approaches
The distinct anatomical location of superior sulcus tumours has demanded the development of special surgical approaches for adequate exposure of the tumour and the involved adherent structures. The first successful approach, which later on was named by the authors, was developed by Paulson and colleagues [66] and was the so-called 'high posterior thoracotomy'. This incision, extending around the tip of the scapula, and further midway between the posterior edge of the scapula and the spinous processes, up to the level of C7, allowed for excellent exposure of the posterior chest wall, including the transverse processes, the vertebrae and the roots of the thoracic nerves and the plexus. However, resection of the subclavian vessels is difficult with this approach, and therefore a special hook-formed extension, which runs anteriorly towards the sternoclavicular joint, was developed later by others [67, 68] .
3.5.1.1. Transcervical-thoracic approach. Dartevelle and his group developed an anterior transcervical approach for resection of anterior types of Pancoast tumours. This incision runs along the anterior border of the sternocleidomastoid muscle and continues laterally above the clavicle [26] . The medial portion of the clavicula is excised and, in this way, an excellent exposure of the entire thoracic inlet is provided, which allows for a safe dissection and complete surgical clearance of involved segments of the subclavian vessels, phrenic nerve and brachial plexus. Dartevelle and his group have emphasised that most cases of sulcus superior tumour Table 1 Results of trimodality treatment of superior sulcus tumours. Author may be treated with this approach without the need for the large posterolateral thoracotomy as described by Paulson [62] . However, although this approach accounts for lower morbidity than the posterior approach, the transection of the clavicula still causes postoperative alterations in the shoulder mobility and cervical posture [3] . This problem led to the development of the transmanubrial L-shaped incision.
3.5.1.2. Transmanubrial L-shaped incision. This further development of the above-described technique was later made by Grunenwald and colleagues [69] , who modified the Dartevelle approach from transclavicular to transmanubrial, thus preserving the integrity of the clavicula and its muscular insertions by raising both in the form of an osteomuscular flap. The approach allows for equal good access as the Dartevelle incision, but has the main advantage of significantly lower morbidity.
3.5.1.3. Anterior trans-sternal approach. This incision consists of an upper median sternotomy, together with an extension into the anterior fourth intercostal space, and a transverse incision above the clavicle at the base of the neck. It provides excellent exposure of tumours involving the anterior upper chest wall, particularly when the subclavian artery or the superior vena cava is involved as well [70] .
Limits to resectability
3.5.2.1. Lymph node involvement. Lymph node status is an important prognostic factor for NSCLS in general and for sulcus superior tumours in particular [63, 71] . However, acceptance of sulcus superior tumour patients with mediastinal lymph node involvement for surgery has been variously handled in the literature. Many protocols completely exclude patients with N2 disease from further surgical treatment (Ruschet et al. [35] , Mass General paper). Others do accept patients with minimal or well-defined mediastinal lymph node involvement for induction therapy, followed by surgical resection in the situation of response. For example, Kwong et al. [34] did not exclude sulcus superior tumour patients with positive mediastinal lymph nodes from trimodality treatment and found no difference in survival for positive or negative pre-treatment mediastinal lymph nodes. In most papers, however, results of patients with persistent N2 disease turned out to be clearly inferior to those of patients with N0/1 only. On the other hand, no clinical trial has yet compared CR with CR induction followed by surgery in sulcus superior tumour patients with N2 involvement. Another important issue is the valuation of ipsilateral supraclavicular lymph node disease. According to the current UICC classification, these nodes are classified as N3 disease. However, for the situation of sulcus superior tumour, supraclavicular lymph node involvement might inhere a different and better prognostic character compared to the situation of other lung tumours, since these nodes are in close vicinity of the tumour and therefore could have the characteristics of the biological behaviour of local nodes [4, 63] .
Vascular involvement. Vascular involvement has
historically been considered to be a relative contraindication for surgical resection of sulcus superior tumour, however, with the earlier described advances in surgical techniques and in combination with multimodality induction therapy, tumours that were previously deemed unresectable can now safely and effectively be resected [9, 26] . For this reason, vascular involvement itself is not considered any more to be a prognostic factor for outcome, as long as a radical resection and free margins are obtained during surgical resection.
Neural involvement.
There is wide acceptance [44, 62] that extensive local involvement of the brachial plexus constitutes a contraindication to surgical resection because of the poor survival and high rate of incomplete resection [62] . However, resection of the lower parts of the plexus, especially of the C8 T1 roots has been performed in surgical treatment of sulcus superior tumour [64] . The neurological consequences of this are well described; with T1 root resection resulting in diffuse weakness of the intrinsic muscles of the hand, whereas resection of the C8 nerve root of the lower trunk of the brachial plexus results in permanent paralysis of the hand muscles [2] . The final decision to resect or spare the neural roots however has always to be taken intra-operatively. Of course, the aim of any such operation should always be to achieve full radicality.
Vertebral body involvement.
Similar to the invasion of vessels and neural structures, invasion of the spine was considered to be a contraindication for an oncologically meaningful resection for a long time due to the inherent poor prognosis [7, 26] . This however was caused in part by the lack of both adequate surgical techniques for the resection of the spine, as well as multimodality treatment concepts.
The necessary surgical techniques to deal with this problem have meanwhile been developed by several groups from the Memorial Sloan-Kettering Cancer Center [72] , MD Anderson Cancer Center [73] and from France [74] . These surgical procedures should be performed by an experienced team, including a neurosurgeon or orthopaedic surgeon, since these techniques include laminectomy, single-and multilevel partial and hemi-vertebrectomy as well as resection of whole vertebral bodies. Grunenwald and colleagues [74] emphasised the importance of local tumour control when he reported 2-year survival rates of 52% for radically resected cases vs only 13% for cases which were not radically resected. These data give evidence that radical excision of sulcus superior tumour involving the spine can be safely performed and results in improvement of overall prognosis.
Recurrence and prognostic factors
Various papers have tried to identify prognostic factors for tumour recurrence. In general, the three most important factors are completeness of resection, T and N status of the tumour [28] . Anderson and associates [49] have stressed the importance of positive resection margins, N2 disease and vertebral body involvement. Ginsberg et al. [4] found Horner's syndrome, N2/N3 disease, T4 disease and incomplete resection, in general, to be adverse prognostic factors. Okubo and associates [10] found that incomplete resection, particularly tumour invasion to the brachial plexus, influenced the prognosis. Sartori and colleagues [8] identified N2 involvement, as well as vertebral body and great vessel invasion, as ominous factors, whereas pain relief after irradiation was of good prognostic value. In another paper, lobectomy was associated with a better overall survival than limited pulmonary resection [4] .
The improvements achieved in survival of patients with superior sulcus tumours treated with trimodality therapy are paralleled by a decrease in local recurrence as well. When local recurrence rates were as high as 72% [39] after sequential radio-and/or chemotherapy only, the incidence was found to be reduced to approximately 30-40% after concurrent chemoradiotherapy [39] and even below 30% [34, 35, 37, 38] after trimodality therapy. In another paper, Kappers et al. [39] did not see any recurrence after trimodality treatment.
In patients with locally advanced NSCLC who undergo induction treatment followed by surgery, the pattern of failure however shifts towards distant recurrence, particularly the brain. For Pancoast tumours the expected incidence of brain as a first site of recurrence has been described as high as 24% [50] . Interestingly, the occurrence of brain metastasis did not impact on survival at least in one important paper [34] . Further studies are needed to evaluate potential impact on disease progression of prophylactic cranial irradiation [36] .
Conclusion
Treatment of sulcus superior tumour has evolved significantly over time. Deriving from therapeutically nihilism, the consequent development of a large variety of surgical techniques, together with the evolution of multimodality treatment concepts resulted in a clear prognostic improvement. Today, induction CR followed by surgical resection has become the established standard of care for patients with sulcus superior tumour in the absence of other contraindications.
